For oil production under high water cut conditions the efforts needed for de-oiling of the production water are mainly determined by the oil-droplet-size distribution of this water. This distribution is predominantly the result of droplet breakup in the choke valve. To determine the effect of the choke valve on the droplet-size distribution, we have conducted laboratory experiments in which we used a circular orifice in a circular pipe. With the help of theory on droplet break-up in turbulent flow and with knowledge of the flow field inside an orifice, a prediction of the distribution after break-up can be made. It is shown that the droplets increase in size with increasing oil viscosity and furthermore it appears that, for the description of the break-up process, the distribution of the turbulence over the orifice zone is an important factor.
Introduction
Often during the production of oil, water is produced as well. In these cases, the fluids enter the separator at the surface as an emulsion. At low water cuts the water will be dispersed in the oil, but at higher water cuts it will be the other way around. During the lifetime of a well the water cut is likely to increase, e.g. in the North Sea, wells producing at 95% water cut can be encountered. At high production rates, however, so-called tight emulsions -which are hard to separate-can be formed. There are cases where wells had to be shut in because the oil could not be separated from the water (Ref. 1) . In other situations the oil concentration in the production water, after separation, does not meet the environmental demands and therefore this water cannot be disposed in the environment.
One of the factors which determines the efficiency of a separator is the droplet-size distribution of the produced emulsion. When droplets smaller than a certain critical diameter enter a separator, the separation efficiency decreases. The value of this critical diameter depends on the flow rate through, and the type and geometry of the separator equipment at the surface. For a production rate of 13,000 bbl/day and assuming the use of centrifuges for the final de-oiling phase, at least one centrifuge would be required, resulting in a critical diameter of about 10-15 µm (Ref. 2) . This value can be lowered by using two or three centrifuges instead of one. The size of the oil droplets entering a high water cut well is of the order of several tens of micrometers up to millimeters (Ref. 3) , and this is, in general, larger to much larger than the critical diameter of a separator. This indicates that an important cause for the separation efforts needed at the surface is, that oil droplets break up somewhere between the bottom of the well and the separation facilities at the surface. It has been shown both in the field and in the laboratory, that the most likely position where this break-up occurs is the choke valve (Refs. 1 and 4).
In this paper, laboratory work on oil droplet break-up is described. A theoretical basis for the break-up process is given and results of laboratory experiments are presented.
Theory
Choke Valve. For safety reasons and in connection with construction considerations, the pressure at the surface facilities has to be kept at a low level. Therefore a choke valve is placed in the production system, upstream of the separation facilities. Basically, this valve can be seen as a restriction in the flow line. The pressure drop across the valve is a function of the flow rate and the dimensions of the restriction. In the field many different types of choke valves are used, e.g. fixed bean valve, needle and seat valve, multiple orifice valve and plug and cage valve. In our study we have not looked at all these different geometries, but simply modeled a choke valve as a circular orifice in a circular pipe (Fig. 1) .
In an orifice -and also in a choke valve-the fluid is forced through a small flow area and therefore the velocity increases. This results in a decrease in pressure. The point of maximum velocity and minimum pressure, the vena contracta, is positioned just downstream of the orifice. In this zone large velocity gradients are present between the high velocity jet in
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Emulsification of Production Fluids in the Choke Valve M.J. van der Zande, SPE, J.H. Muntinga, SPE, and W.M.G.T. van den Broek, SPE, Delft University of Technology the center and the recirculation zones near the wall. This results in the presence of a high degree of turbulence with corresponding energy dissipation. Downstream of the vena contracta the fluid decelerates and part of the pressure is recovered. The high energy dissipation rate in the turbulent zone leads to a permanent pressure loss, ∆p perm .
An expression for the average energy dissipation rate per unit mass in the zone of intense turbulence, which is needed for the description of the droplet break-up process, can be derived using the following approximation. Consider a fluid element enclosed by the dotted line in Fig. 1 . This area represents the turbulent zone. The irreversible pressure drop across this zone is denoted by ∆p perm (Ref. 5). The energy which is lost by forcing the fluid through this zone is equal to ∆p perm ⋅A o ⋅∆x, where A o is the orifice area and ∆x is the length of the zone of intense turbulence. The time in which this energy is dissipated can be estimated by ∆x/U o , where U o is the mean fluid velocity in the orifice. The mass of the fluid element is equal to ρ⋅A o ⋅∆x. Combination of these relations yields the following expression for the average energy dissipation rate per unit mass:
where ρ is the density of the fluid. U o can be calculated by dividing the measured flow rate by the orifice area, and ∆p perm can be measured as the pressure drop across the orifice. According to Ref. 5, ∆x is equal to 2.5·D p , where D p is the pipe diameter.
Break-up.
In first approximation the break-up of oil droplets can be considered as the interaction between two stresses. An external disturbing stress, τ, tries to deform the droplet and an internal restoring stress attempts to keep the droplet in a spherical shape. In a turbulent flow, τ is determined by the inertial pressure drop across a droplet diameter, induced by the velocity difference over the droplet. This velocity difference, ∆u, is caused by the turbulent velocity fluctuations around the droplet. This leads to: τ=ρ⋅(∆u)
2
. For homogeneous isotropic turbulence, with an energy dissipation rate per unit mass ε, can be derived that the average value of (∆u) 2 across a droplet diameter, d, is equal to 2.0⋅(ε⋅d) 2/3 . Neglecting the dispersed phase viscosity, µ d , the internal restoring stress is the interfacial stress given by 2σ/d, where σ is the interfacial tension. To describe break-up the dimensionless Weber number is used, which is the ratio between the deforming and the restoring stress. In our case, this leads to:
Droplets break up for Weber numbers larger than a certain critical value, We crit . Therefore, the maximum stable droplet diameter, d max , in a turbulent flow of intensity ε is given by We=We crit , which leads to:
In the inviscid case it can be derived that We crit =0.53 (Ref. 6).
Break-up time. When a large droplet enters a turbulent zone, it will not immediately break up. Under the influence of the inertial force the droplet will first deform. Then, when the droplet has been deformed to a certain extend, the interfacial area has increased to a value where it is, from an energetic point of view, more beneficial to split up into two -or moredaughter droplets. When these daughter droplets are larger than d max this process will be repeated until for all droplets is valid: We≤We crit .
Based on a visco-elastic model, an expression for the characteristic break-up time, t br , can be derived (Ref.
In Fig. 2 the break-up time is plotted as function of the droplet diameter. It can be observed that t br increases with decreasing diameter. For σ/d=τ, the break-up time is infinite, which basically means that there will be no break-up.
Dispersed Phase Viscosity. For the derivation of Eq. 3, the effect of the dispersed phase viscosity, µ d , as a stabilizing force has been neglected. In literature many attempts have been made to describe the effect of the dispersed phase viscosity. So far it has only led to semi-empirical relations which are, in general, not valid outside the experimental conditions tested. Qualitatively, the influence of µ d on the droplet diameter can be understood by considering Eq. 4. For a given droplet diameter the break-up time increases with increasing viscosity. For a droplet to break up, the external deforming stress has to act on the droplet for a period longer than this break-up time. The deforming stress is exerted on the droplet by turbulent eddies in the continuous phase. The deformation time is therefore determined by the lifetime of the eddies. Eddies of a size larger than the droplet will translate the droplet, and eddies equal to or smaller than the droplet diameter will deform the droplet. The lifetime of an eddy increases with size and, consequently, the eddy with the longest lifetime which is still able to deform the droplet, is the eddy of a size equal to the droplet diameter. For droplets of a diameter of d max is valid that t br is equal to the lifetime of an eddy of size d max . Since t br increases with increasing µ d , d max will show a similar increase.
Another way to understand the effect of dispersed phase viscosity is based on energy considerations. In a given turbulent flow, a certain amount of energy is available for the deformation of the droplets. Since deformation of a droplet leads to flow inside the droplet, the more viscous the droplets, the more energy it will take to deform them. This means that there will be less energy left for the increase of interfacial area. As a consequence, for higher µ d less break-up will take place and this results in a larger d max .
Experimental Set-up
The set-up which has been used for our experiments is shown in Fig. 3 . Upstream of the orifice, an oil in water dispersion is generated. The size distribution of the oil droplets upstream of the orifice can be varied independently of the flow rate through the orifice. In this way the effect of the injected droplet size on the size after break-up can be investigated. The pressure drop over and the flow rate through the orifice are measured. Downstream of the orifice the droplet-size distribution is measured with a Malvern Particle Sizer. The injected dropletsize distribution is measured by replacing the orifice by an undistorted straight pipe.
The flow rate through the orifice varies from 0.5 to 1. 
Results
Effect Injected Droplet Size. From literature it is known that there is a certain effect of the injected droplet size on the break-up process taking place in flow through an orifice (Ref. 8) . To determine this effect, the following strategy has been developed. From every measured droplet size distribution (Fig. 4) , the diameter below which 95 volume % of the oil is present, d 95 , is determined. For every flow rate and orifice diameter several runs are made. In the first run large droplets are injected and for each following run the water flow rate through the injection valve is increased while keeping the total flow rate through the orifice constant. In this way each consecutive injected dropletsize distribution has a smaller d 95 
Discussion
Effect Injected Droplet Size. When a droplet enters a homogeneous turbulent zone, and the droplet is larger than the maximum stable diameter under those conditions, it will break up. If the daughter droplets are larger than d max these droplets will also break up until all droplets are smaller than d max . Since it takes a certain amount of time for a droplet to break up, the droplets can only reach the stable diameter if they stay long enough in the turbulent zone. In case the residence time of a dispersion in a turbulent zone is sufficiently large, the droplets leaving the turbulent zone will all be smaller than d max , independently of the original droplet-size distribution in the dispersion. From Fig. 5 , it is obvious that the steady state scenario which has been described above, is not valid for break-up in an orifice: d 95 2) . We suppose that these differences are connected with the occurrence of two mechanisms.
1. Under the assumption of binary break-up due to turbulent forces, Luo (Ref. 9) derived an expression for the break-up rate of a droplet into volume fractions f and (1-f). From this expression the average volume fraction can be derived. For ε = 2.5⋅10 4 W/kg, µ d = 31 mPa⋅s and σ= 31.5 mN/m, the average volume fraction, f , is 0.79. On average this means that a droplet of diameter d will break up in one droplet of 0.92d and one of 0.59d. Although a droplet can only break up once (for then it has vanished and two new droplets have emerged), the number of break-ups of a droplet is defined as the sum of break-ups originating from that droplet, if one only considers the largest daughter droplets. As can be seen from Eq. 4, the break-up time of a droplet depends on the diameter: the break-up time increases with decreasing diameter. For a given residence time of a dispersion in a homogeneous turbulent zone -which is smaller than the time needed for all droplets to become smaller than d max -large droplets will be able to break up more times than smaller droplets 2. The turbulent zone downstream of the orifice is not homogeneous. The energy dissipation rate has a certain distribution over the volume, and therefore this zone can be divided into sub-zones of varying energy dissipation rates. In a small zone ε has a high value and the volume of the sub-zones increases with decreasing ε (Ref. 5) . A small droplet can only break up in a zone where ε is sufficiently high. A larger droplet will break up in this zone too, but also in zones where ε has a lower value. Even if the break-up time of a droplet is constant for all diameters and if the residence time in the turbulent zone is not large enough for all droplets to become smaller than d max , this will result in large droplets breaking up more times than smaller droplets.
The observed effect of the injected droplet size is probably a combination of the two mechanisms described above. Mechanism 1 on its own, however, is not able to explain fully and quantitatively the decrease in droplet sizes, as is shown by the following example. Consider the break-up process under the conditions of Figs . This indicates that the zone where these droplets break up is much smaller than 2.5·D p , which means that mechanism 2 is very important for the description of droplet break-up in an orifice.
Although the droplet size after break-up depends on the injected droplet size, it is possible to define a maximum stable droplet diameter after break-up. Since it is difficult to determine the maximum diameter of a distribution we use the d 95 as an approximation. The maximum stable d 95 in the orifice is given by the diameter where d 95, inj becomes equal to d 95, down . This diameter is not only determined by the maximum energy dissipation rate in the turbulent zone, but also by the residence time in this sub-zone of maximum energy dissipation. For droplets to break up, the residence time has to be larger than the break-up time.
It can be concluded that the distribution of the turbulence, and therefore the geometry of the restriction, is an important factor for the description of droplet break-up in a choke valve.
Effect Dispersed Phase Viscosity. In Fig. 6 the maximum stable d 95 is plotted as function of the average energy dissipation rate per unit mass. It is assumed that the energy dissipation rate of the most violent turbulent sub-zone, which is large enough in size to break the droplets, is proportional to this average dissipation rate.
The data seem to follow Eq. 3 very well. Both the data for Vitrea 9 and 46 can be fitted with a straight line through the origin. Under identical conditions, the use of more viscous oil, Vitrea 46 (µ d =3.6⋅10 -1 Pa⋅s), results in larger droplets than Vitrea 9 (µ d =3.1⋅10 -2 Pa⋅s). The effect of a larger µ d is to increase the stability of a droplet against deformation. It is supposed that this is the explanation for the diameter for Vitrea 46 being larger than the diameters for Vitrea 9.
As expected, for both oils the slope of the line is larger than the theoretical prediction for the non viscous case, which is 0.68 (=0.53 0.6 ). It should be noted, however, that for a good comparison between this theoretical prediction and the measurements, not the average dissipation rate, but the maximum dissipation rate for which the droplets break up, should be used.
Both for Vitrea 9 and 46 there is some scatter in the data around the straight line. This is probably due to the fact that, to correlate the data, we use the average dissipation rate instead of the maximum dissipation rate. The ratio between these two rates does not necessarily have to be constant for all orifice diameters and flow rates.
Conclusions
From our experiments on droplet break-up in flow through an orifice the following conclusions can be drawn.
1. Droplets break up due to the increased turbulence downstream of the orifice. 2. To estimate the energy dissipation rate per unit mass in the orifice, which is needed for the description of turbulent break-up, Eq. 1 can be used. This relation contains quantities which are easy to measure. 3. To predict the maximum stable droplet size downstream of the orifice, Eq. 3 can be used. 4. The constant in Eq. 3 -or the slope of the lines in Fig. 6-increases with increasing dispersed phase viscosity. Basically this means that the droplet sizes increase with increasing µ d . 5. There is an effect of the injected droplet size: the droplet size after break-up decreases with decreasing droplet size upstream of the orifice. 6. Since droplets need a certain amount of time to break up, the distribution of the turbulence over the restriction -and therefore the geometry of the restriction-is an important factor in the break-up process. The above given considerations draw a clear picture of the break-up process taking place in the orifice. There is, however, more research needed into the effects of geometry and dispersed phase viscosity To extend our conclusions for break-up in the orifice to the choke valve, an expression for the energy dissipation rate has to be derived, which can be used instead of Eq. 2. To achieve this, detailed knowledge of the fluid flow through the choke valve is needed. Ultimately this may lead to an improved design of choke valves with regard to average droplet diameter at the downstream side. 5 ) is plotted versus the expression given in Eq. 3.
